The present work deals with the influence of water on the adsorption of two chlorinated volatile organic compounds (VOCs) on activated carbons (ACs) having very different pore textures and surface chemistry. Two kinds of moisture were considered, viz. pre-adsorbed on the AC or present as steam in the gaseous phase, at various relative humidities ranging from 30% to 75%.
INTRODUCTION
Trapping VOCs from air is commonly achieved using ACs. However, in practical applications, the presence of water vapour in the gases that have to be treated may have a negative effectsometimes to a large extent (especially when VOCs are not hydrosoluble) -on the adsorption kinetics and capacity of an AC towards a VOC (Lodewyckx and Vansant 1999, 2000; Hall et al. 1988) .
As suggested by Nelson et al. (1976) , two kinds of humidity have to be considered, i.e. the humidity of the air stream from which adsorption takes place and the amount of water vapour that has already been adsorbed by the AC. To date, the literature has only reported most of time works dealing with both kinds of moisture simultaneously, but the individual effect of each one was never studied. Moreover, the evolution of the concentration profiles of water is seldom presented and the investigated materials are few.
In the present work, experimental data are supplied describing the impact of both kinds of moisture on the dynamic adsorption of two very poorly hydrosoluble VOCs, viz. dichloromethane (DCM) and trichloroethylene (TCE), on three adsorbents having very different pore textures and surface chemistries.
EXPERIMENTAL

Materials
Three kinds of AC were used. The so-called NC120 was a granular commercial AC supplied by the Pica Co., prepared from coconut shells heat-treated at 850°C and then activated with steam at the same temperature. Two other materials, termed AP48 and Fe88, were experimental samples supplied by Messier-Bugatti, made from rayon-based carbon fibres activated physically (with CO 2 ) and chemically (with H 3 PO 4 ), respectively. Each material was extensively characterized with the main pore structure and surface chemistry parameters being listed in Table 1 .
The molecules to be adsorbed on the aforementioned ACs were distilled water and two VOCs, viz. dichloromethane (DCM) and trichloroethylene (TCE), both of purity higher than 99% as supplied by Aldrich.
Experimental device and measurement procedure
Water adsorption isotherms (static adsorption) were obtained at 30°C using a manual gravimetric apparatus (McBain-Bakr type equipped with quartz springs). Prior to each experiment, the carbonaceous materials were outgassed under secondary vacuum (10 -5 mbar) at 150°C. Breakthrough curves (dynamic adsorption) of water and VOCs were obtained with a home-made apparatus which is illustrated schematically in Figure 1 . Samples of the activated carbons were 216 arranged as columns by installing them into a stainless-steel cylinder (internal diameter, 0.31 cm; length, 6 cm). They were subsequently outgassed under a flow of dry nitrogen at 150°C for 8 h or, at least, until no water could be detected by a mass spectrometer coupled to the reactor. A nitrogen stream, whose flow rate was adjusted to 20 ml/min using mass-flow controllers, was loaded with either a VOC or water vapour, or with both. For the VOC, the inlet concentration C 0 was close to 0.1 mol/m 3 (~ 2400 ppmv), while the relative humidity (R.H.) was ranged from 0% to 75%, i.e. corresponding to an inlet concentration of water of 0.384 ≤ C 0 (mol/m 3 ) ≤ 0.959 at 25°C. At such values of C 0 (and irrespective of the nature of the adsorbate), the increase in the bed temperature due to the exothermicity of the adsorption process did not exceed 1-2°C.
Experimentally, the outlet concentrations, C, of each adsorbate, i.e. VOC and water, were measured separately either with a mass spectrometer or with a gas chromatograph equipped with an FID detector, and were then compared with the initial (inlet) concentrations, C 0 . Each experiment was considered as finished when the concentrations at the inlet and outlet of the column were identical. The breakthrough time was defined as the time for which C ≥ 0.05C 0 . Because of the various physical characteristics of the adsorbents used in the present work (different densities, different morphologies -grains and fibres), the amounts of active carbon inside the column could not be kept constant for each experiment. For this reason, the mass and height of the AC sample are not given in the text, but are only presented in the relevant figures. The granular material NC120 was in the form of a loose packed bed of particles having sizes within the range 100-200 µm, while the AC fibres were simply poured into the column. Irrespective of the method of filling employed, the permeability of the sample was very high in both cases.
In order to quantify the effect of the two kinds of humidity on the breakthrough times, the latter were normalized and expressed as a fraction of the breakthrough time measured under dry conditions. Experiments in the presence of water vapour were carried out in two ways depending on the kind of moisture investigated. The first method consisted in exposing the ACs to a flowing mixture of water vapour and VOC. In the second method, the activated carbon was exposed to water vapour until it reached a constant weight (~ 18 h), prior to further exposing it to VOC. Figure 2 shows the adsorption isotherms for water onto the three ACs. Sample NC120 exhibited a type V isotherm according to the IUPAC classification, whereas the isotherms obtained with the rayon-based fibres were more akin to type IV. Although having different profiles, all these isotherms are representative of the adsorption mechanism of water onto active carbons (Brennan et al. 2001) . Indeed, at low relative pressure (P/P 0 < 0.3), water is preferentially adsorbed onto the surface functions and the resulting attached molecules subsequently act as nucleation sites for other molecules, thereby leading to the formation of clusters. The latter then grow and coalesce at higher relative pressures, allowing the gradual filling of the porosity. In the present case, the amounts of water adsorbed at low and high relative pressures by the three materials may be correctly correlated with the density of the surface functional groups and to the pore volumes, respectively (see Table 1 ). Thus, since the AC fibres possess a higher density of surface functional groups (Fe88 > AP48 > NC120), they adsorb higher amounts of water at low relative pressures. By contrast, at the highest values of P/P 0 (> 0.7), the higher pore volume of NC120 allows this material to adsorb more water than Fe88, which is itself more adsorbent than AP48 over this particular relative pressure range.
RESULTS AND DISCUSSION
Water adsorption isotherms (static mode)
The micropore size distributions (MPSDs) of the three ACs presented in Figure 3 were obtained via the application of the Horvath-Kawazoe model to the nitrogen adsorption isotherms at -196°C. MPSDs strongly influence the adsorption capacities of any adsorbent and are therefore worthy of discussion. As far as water is concerned, it was shown that the lower the average size of the micropores, the lower the pressure at which the isotherm rises (McCallum et al. 1999; Alcañiz-Monge et al. 2001) . The data depicted in Figure 3 suggest that the MPSDs broaden in the order Fe88 < AP48 < NC120.
Such considerations are useful for interpreting the adsorption behaviour towards water and VOCs. With water, the influence of the density of surface functions is decisive at low relative pressures (P/P 0 < 0.3) and, indeed, Fe88 having the greatest amount of surface functions presents the highest adsorption capacity. In contrast, at high relative pressures (P/P 0 > 0.7), the amount adsorbed is controlled by the micropore volume. In agreement with the data listed in Table 1 , the adsorption capacity for water increased with the micropore volume according to the sequence AP48 < Fe88 < NC120.
Breakthrough fronts for water and VOCs
The adsorption of water from a wet fluid is a complex process. Indeed, only a few studies have described the evolution of the concentration profiles of water when a VOC is adsorbed in the presence of moisture (Hall and Holmes 1989; Marbán and Fuertes 2004) . This section describes studies of the breakthrough curves of water vapour aimed at supplying qualitative information on the competitive adsorption mechanisms between water and VOCs. The two kinds of AC fibres studied led to similar results, and for this reason those corresponding to Fe88 are mainly presented below.
Figures 4-6 show three typical examples of water breakthrough fronts obtained with active carbons exposed to various VOC/water vapour mixtures. Four steps may be identified. All these curves demonstrate a strong adsorption of water during the first 10-15 min (step 1). Several authors have already mentioned that such a phenomenon is exothermal and corresponds to adsorption on the most energetic sites (surface functions) (Busmundrud 1993; Delage et al. 1999) . The magnitude of this phenomenon is linked to the adsorption kinetics, since the adsorption rate is highest when adsorption occurs on primary centres (Foley et al. 1997; Cossarutto et al. 2001) .
Such a strong adsorption is followed by an abrupt increase in the outlet concentration of water (step 2) and, subsequently, various evolutions can be observed depending on the relative humidity Finally, the increase in the concentration of water (which attains the same value as that at the inlet) coincides with the breakthrough of the VOC (step 4). Both adsorption processes, i.e. that of water and that of the VOC, thus ceased at the same time once the whole micropore volume accessible to the VOC (at concentration C 0 ) had been filled. This observation provides evidence for competition between the adsorption of water on the one hand and VOC on the other hand. Schematically, under the experimental conditions employed, water and VOC were simultaneously but independently adsorbed until the available porosity of the AC was filled.
During the third step, irrespective of the nature of the VOC and the adsorbent, different behaviours were observed in the outlet concentration of water depending on the relative humidity, viz. negative, nearly zero and positive slopes for low, medium and high moisture content, respectively. Such behaviours may again be explained on the basis of adsorption kinetics (Foley et al. 1997; Cossarutto et al. 2001) , the adsorption rates being slower when the relative pressure of water vapour increases (for 0 < P/P 0 < 0.7). When DCM or TCE was adsorbed onto an AC already wetted with a given amount of water, the shape of the breakthrough curves was very different from that of the previous ones. Thus, Figures 7-10 exhibit a distinct displacement of water by the two VOCs. It may be noted that the breakthrough curves for water are seldom shown in the literature. Within only a few minutes, the concentration of water at the outlet of the column reached a maximum whose value depended on the initial amount of adsorbed water. The following comments can be made about the shape of the displacement curves which was a function of the water content:
1.
When the AC was preconditioned under low relative humidity, the displacement curves of water resembled those for the classical desorption of a single compound.
2.
In contrast, when the AC was preconditioned under high relative humidity, the shapes of the curves were modified. Thus, after attaining a maximum, the water concentration gradually decreased and more or less stabilized at a lower level for a longer time. After this pseudo-plateau, the concentration then decreased abruptly to a value close to zero (with the exception of DCM on Fe88). The time at which such a drop occurred depended on the amount of pre-adsorbed water: the higher its value, the higher the time required for displacing the pre-adsorbed water. 3.
Generally, when breakthrough of a VOC occurred, a small peak in water concentration was observed. This suggests that a given amount of water was still present in the AC, maybe as water adsorbed onto surface functions which would be harder to remove.
Such behaviours have apparently not been reported previously. Hall and Holmes (1989) and also Marbán and Fuertes (2004) mentioned water-displacement phenomena by other compounds, viz. chloropicrin (trichloronitromethane) and n-butane, respectively. However, their curves were rather different from ours and only agreed with those reported here at low amounts of pre-adsorbed water. However, a direct comparison between their results and ours is difficult since the experimental conditions were not alike. Indeed, in the work of Hall and Holmes (1989) , adsorption of chloropicrin was achieved on AC columns which had been pre-wetted by exposing them to different relative humidities (40%, 65% and 80% R.H.), while the same humidity level was present in the carrier gas. Marbán and Fuertes (2004) adsorbed n-butane at different concentrations onto an AC column pre-wetted with water at 46% R.H. In this case, the amount of pre-adsorbed water may not have been sufficient to allow the observation of any abrupt change of slope in the water-displacement curves. Indeed, their plots probably indicate a special mechanism of pore emptying, close to that observed during the desorption of water in the static mode (closure of the hysteresis loop).
Dynamic adsorption of DCM and TCE under humid conditions
Figures 11 and 12 summarize the evolution of the breakthrough time for the two VOCs on the three ACs as a function of the moist conditions employed. Thus, Figure 11 shows the influence • , DCM onto Fe88; , TCE onto NC120; , TCE onto AP48; , TCE onto Fe88.
of the relative humidity present along with the VOC, while Figure 12 presents the effect of pre-wetting the ACs with different humidity levels. For the sake of comparison, Table 2 gives the amounts of VOC (DCM and TCE) adsorbed by the three active carbons in dynamic mode when no humidity was present. In contrast to the adsorption of water, it should be noted that the adsorption of chlorinated VOCs did not depend on the surface functions, since no hydrogen bonding was expected between the adsorbates and the carbon surface. Consequently, only the MPSD really influenced the adsorbed amounts of VOCs at saturation. Another parameter to be taken into account is the relative pressure of VOC. For the DCM, an inlet concentration C 0 close to 0.1 mol/m 3 corresponded to a very low relative pressure, i.e. 4 × 10 -3 , while that of the TCE was a little higher, i.e. 25 × 10 -3 . The data in Table 2 may thus be explained as follows. The adsorption capacities for DCM were highest for Fe88 and varied according to the sequence Fe88 > AP48 > NC120. This may be explained by the fact that Fe88 possessed the highest amount of narrow microporosity (see Figure 3 ) and the adsorbed amounts corresponded to the very beginning of the isotherm. However, NC120 showed Normalized breakthrough times (i.e., relative to the dry case) of VOCs in the presence of different amounts of pre-adsorbed water, expressed as the relative humidity of the preconditioning atmosphere. The data points relate to the following conditions: ■, DCM onto NC120; ▲, DCM onto AP48;
• , DCM onto Fe88; , TCE onto NC120; , TCE onto AP48; , TCE onto Fe88. the highest adsorption capacity for TCE for two reasons which occurred simultaneously; firstly, it was the carbon exhibiting the highest micropore volume and, secondly, the relative pressure at which the adsorption experiment was performed was higher than in the case of DCM. Because of competition between the adsorption of water and that of the VOC, the moisture present in the gaseous mixture to be treated tended to modify the adsorption capacities and kinetics. Nevertheless, Figure 11 clearly indicates that such an influence depended on both the water/AC and the VOC/AC interactions, which are themselves dependent on the nature of both the VOC and the AC. Hence, if adsorption of DCM is first considered, it may be seen that the effect of the humidity level was greater on AC fibres (changes of breakthrough times: ∆BT = -26% at 65% R.H. for Fe88, and ∆BT = -19% at 60% R.H. for AP48) than on NC120 (∆BT = -5% at 60% R.H.). This was due to the surface chemistry of the fibres. The fibres presented a higher affinity for water because of their higher number of primary adsorption sites, and the higher the water-AC interaction, the stronger the effect of the presence of water on the adsorption of the chlorinated VOC.
In the case of TCE adsorption, the presence of water almost did not modify the breakthrough curves. Whatever the AC, the decrease in the breakthrough time was always less than 4% -within the measurement uncertainties of the breakthrough times. This may be explained on the basis of the affinity of the ACs for the VOCs. Due to the lower ionization potential, higher parachor and molecular weight of TCE (Pré et al. 2002) , the affinity of the three ACs for this VOC was higher than that for DCM. The influence of the relative humidity on the adsorption process was thus limited.
Concerning pre-adsorbed water, its presence in the AC column did not induce any significant reduction in the VOC breakthrough time (and, accordingly, in the adsorption capacity) irrespective of the nature of the VOC (see Figure 12 ). However, in some cases, especially at high water contents, the shape of the breakthrough fronts was modified due to diffusion problems related to the displacement of water by the VOC. This phenomenon was particularly important in the adsorption of DCM onto Fe88 loaded with water at 60% R.H. (see Figure 8) . Indeed, the AC was never completely saturated by water; adsorption of the chlorinated VOC occurred first on the dry parts of the surface, water was then displaced progressively by the VOC and finally removed from the AC. Such a displacement implies an overshoot of the water (relative concentration C/C 0 > 1) whose magnitude increased with the amount of pre-adsorbed water present.
When both kinds of moisture were combined and when relatively high total humidity levels (~60%) were employed (results not shown here), the adsorptions of both DCM and TCE were modified and the corresponding results were indeed sometimes striking. Thus, whatever the AC-VOC system studied, the breakthrough time decreased systematically. Such a decrease was more pronounced in the adsorption of DCM for all the three ACs. The breakthrough times for the Fe88 fibre were the most strongly affected by the presence of water (∆BT = -79% and -46% for DCM and TCE, respectively), while those for the AP48 fibre (-32% and -11%) and NC120 (-19% and -28%) were modified to a lesser extent.
Whether moisture was present in the AC as a vapour or as pre-adsorbed water, its influence was finally quite small especially in the case of TCE. For both kinds of humidity, only drastic conditions had a serious impact causing the adsorption capacity to drop and modifying the adsorption kinetics. In that sense, our results contradict several previously reported data. Firstly, DCM and TCE are poorly hydrosoluble compounds (solubility Ϸ 0.11 wt% and 1.73 wt%, respectively). It is generally believed that a low solubility in water is unfavourable towards the adsorption of compounds in the presence of moisture. This is especially true when ACs are preconditioned with water, because the availability of their surfaces would be lower (Lodewyckx and Vansant 1999; Marbán and Fuertes 2004; Okazaki et al. 1978; Eissmann and Le Van 1993) . In addition, other workers have shown that the loss in adsorption capacity of an AC is mainly due to the presence of pre-adsorbed water (Lodewyckx and Vansant 1999; Jonas et al. 1985) . The water present in the gaseous flow could decrease the adsorption capacities but only at very high values of the relative humidity, which would only reinforce the effect of the pre-adsorbed water.
Our results, which agree with those of Biron and Evans (1998) , indicate that the solubility in water of the VOC is not critical and that molecules having the highest affinity for the carbonaceous surface, whether soluble in water or not, are much less affected by the presence of water. Furthermore, when an AC is pre-wetted at 70% R.H. for example, its porosity is never completely saturated by water; in this case, the adsorption of a VOC would then occur first on the dry surface and, subsequently, adsorption would be rather related to an exchange phenomenon between water and VOC than to a direct diffusion throughout the condensed water inside the pores.
The last parameter to be considered, and whose importance has already been pointed out, was the VOC concentration (Yoon and Nelson 1990; Werner 1985; Shin et al. 2002) . Other studies have suggested that the influence of the water vapour on the adsorption of methyl chloroform and TCE is only moderate for VOC concentrations greater than 1000 and 200 ppm, respectively (Yoon and Nelson 1990; Werner 1985) . In our case, the concentrations were close to 0.1 mol/m 3 (i.e. near to 2500 ppm); it thus seems that such VOC concentrations were too high to allow the influence of the humidity at levels lower than 60-70% R.H. to be observed. It should also be recalled that the adsorption process of water on an AC is extremely slow. At high VOC concentrations, the adsorption of water would be much slower than that of the VOC, and this could be the reason why water has such a low influence on VOC adsorption under these conditions.
CONCLUSIONS
It has been shown that the adsorption of DCM and TCE depends on the kind of moisture present in the system. If the latter is pre-adsorbed, water is just displaced by the VOC (overshoot). The adsorption capacities of the AC remain unchanged and only some minor changes in the shape of the breakthrough front, corresponding to hindered diffusion, may sometimes occur. In contrast, the simultaneous adsorption of steam and VOC leads to competition between water and chlorinated compounds, with direct consequences on the adsorption kinetics and capacities of the AC. However, the decrease in the water-induced adsorption performances depends strongly on the AC and the VOC (because of different VOC/AC and water/VOC interactions) and on the concentration of the VOC.
